Objectives To determine the underlying biological basis for noninvasive prenatal testing (NIPT) results of multiple aneuploidies or autosomal monosomies.
INTRODUCTION
Cell-free DNA (cfDNA)-based noninvasive prenatal testing (NIPT) has been adopted into clinical care for pregnant women undergoing screening for the most common fetal aneuploidies: trisomies 13, 18, 21, and sex chromosome aneuploidies. More recently, test menus have expanded to include additional, elective test options, such as select microdeletion syndromes. Although most patients receive a negative (no aneuploidy detected) result or a positive (aneuploidy detected/aneuploidy suspected) result for one of the common aneuploidies, some patients receive unexpected findings, such as autosomal monosomy or multiple aneuploidies.
Most full fetal autosomal monosomies are not compatible with extrauterine life 1 ; however, partial and mosaic cases of autosomal monosomy have been reported in liveborns. 2 Although an estimated 0.16% of trisomy 21 cases involve a double aneuploidy with a sex chromosome (XXX, XXY, XYY, or monosomy X), 3 conceptions with multiple aneuploidies are unlikely to result in a clinically recognized pregnancy or a viable birth. 4, 5 A recent study of cytogenetic analysis following spontaneous miscarriage showed that 5% of samples were affected with multiple aneuploidies. 5 Additionally, several reports have linked NIPT results of multiple aneuploidies and autosomal monosomy to occult maternal benign and malignant tumors. [6] [7] [8] [9] [10] Thus, for clinicians and patients receiving these unexpected and uncommon results, there can be questions as to their clinical significance and confusion regarding interpretation and subsequent management. Because of the rarity of autosomal monosomies and multiple aneuploidies in viable pregnancies and the recent studies linking NIPT results of autosomal monosomy and multiple aneuploidies to maternal disease, we performed a descriptive study to determine the underlying biological basis for these unusual results. The clinical cohort comprised 113,415 consecutive patient samples reported by the clinical laboratory between February, 2012 and August, 2014. cfDNA was analyzed using massively parallel whole-genome sequencing to screen for fetal aneuploidies on chromosomes 13, 18, 21, X, and Y, as previously described.
METHODS
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The study cohort consisted of the subset of samples from women carrying singletons whose tests were reported as a single autosomal monosomy or multiple aneuploidies (two or more autosomal aneuploidies or an autosomal aneuploidy plus a sex chromosome aneuploidy) detected or suspected. This study cohort included six previously published cases originating from pregnancies with an occult maternal malignancy. 6 Clinical outcome information was actively requested (by fax and phone) for all samples with abnormal results, according to our previously described standard laboratory practices and quality procedures. 6 
RESULTS
Demographics
Within the sample of 113,415 reported cases, 138 (0.12%) fit the criteria for inclusion in this study. Of these, 65 were reported as a single autosomal monosomy, 36 with a single autosomal trisomy with sex chromosome aneuploidy, and 37 with multiple aneuploidies (Figure 1 ). The mean maternal age for these 138 cases was 35.4 years (range: 19-47 years), and the mean gestational age was 13 weeks (range: 10-34 weeks). Clinical follow-up information was available for 79/138 cases (57%) ( Table 1) .
Fetal or neonatal karyotype information
Fifty-seven patients had either chorionic villus sampling or amniocentesis, and one patient had both, for a total of 59 invasive diagnostic procedures. Ten CVS and 42 amniocenteses were performed; in seven patients, the type of procedure was not specified. Karyotypes were also available for four POCs and five neonates; thus, fetal or neonatal karyotypes were available for 67 total cases. Of the 67 cases with karyotype information, 20 (30%) had an aneuploid fetal karyotype: 3 (4%) were fully concordant and 13 (19%) were partially concordant with the NIPT results (Table 2) , and 4 (6%) cases had an aneuploidy for a nontest chromosome (Table 3) . Within the group of 13 partially concordant cases, there were two with unusual findings that provide a biological explanation for the partial concordance. The first was reported as trisomies 18 and 21, in which the postnatal neonatal karyotype confirmed trisomy 21 and the placental analysis revealed mosaicism for trisomy 18. Circulating placental cfDNA with an extra copy of chromosome 18 was presumably the explanation for the test result of trisomy 18. In the second case, monosomy 21 was reported and the fetal karyotype was consistent with a partial loss and partial gain of chromosome 21 (47,XX,del(21)(q11.2-q21),+r(21)(p11.2-q21). In this case, the monosomy 21 call was explained by the partial deletion. The remaining cases with karyotype information had normal fetal karyotypes (n = 47). Unless otherwise specified, placental karyotypes were not routinely available. 
Fetal and neonatal clinical information
There were eight cases with abnormal ultrasound findings and no karyotype information and two cases with a pregnancy loss but no karyotype information. The clinical outcomes for these cases are described in Table 4 . This included one case with a known paternal Robertsonian translocation of chromosomes 13 and 21, supporting the NIPT result of monosomy 13. One additional case without karyotype information resulted in the birth of an apparently healthy newborn.
Maternal information
Seven cases of discordance were likely of maternal origin. Of these, one was attributed to maternal mosaicism for trisomy 8 (Table 3) ; fetal karyotype is unknown. In the other six cases, maternal malignancy was subsequently detected: Five cases had normal fetal/neonatal karyotypes, and in one case, a fullterm infant was delivered with no phenotypic signs of aneuploidy (Supplementary Table 1 ). Five of these cases were described in detail in a recent publication; the leiomyosarcoma case was one of ten cases in that study that reported maternal malignancy back to the laboratory, but a detailed analysis was not performed for this patient. 6 The frequency of maternal malignancy varied with the type of NIPT result (Figure 2) , with the highest prevalence in cases with multiple aneuploidies and the lowest in cases reported as a single trisomy with a sex chromosome aneuploidy (p < 0.05). 
Overall outcomes
DISCUSSION
The increasing number of cfDNA sequencing tests being performed during pregnancy has led to the identification of rare and unusual results, including uncommon fetal aneuploidies and maternal malignancies. 6, 8 In light of this and because fetal aneuploidies of this type have limited potential for extrauterine survival, we sought to determine the frequency for which there was a fetal versus maternal origin for these unusual NIPT results. In this study, we demonstrated that there were multiple etiologies for a single monosomy or multiple aneuploidies. The strength of this study is that it provides a resource for providers' counseling patients with these unusual NIPT results. Despite the small cohort size, the outcomes do include several possible explanations for atypical NIPT results that providers may consider when addressing the potential underlying explanations for each patient's unique test result. The weakness is that the sample size is small and the outcomes were incomplete. However, obtaining outcomes for clinical cases remains a challenge for all clinical laboratories performing analysis of cfDNA. Our data demonstrate that diagnostic procedures that analyze the fetal karyotype, but not the placenta, likely result in an underestimation of biological causes for Choroid plexus cyst, unspecified congenital heart defect, agenesis of the corpus callosum, and diaphragmatic. AMA, advanced maternal age (>35 years at estimated date of conception); Amnio, amniocentesis; CVS, chorionic villus sampling; IUFD, intrauterine fetal demise; POC, products of conception testing; SAB, spontaneous abortion; U/S, abnormal ultrasound findings. Unspecified congenital heart defect, pyelectasis, abnormal feet, echogenic bowel, clenched hands.
discordant NIPT results. Thus, as suggested by professional societies and others, 17, 18 we support the development of national registries that link NIPT results with clinical follow-up data. For the 42 discordant cases with normal fetal karyotypes and no reported maternal disease, the NIPT result might reflect CPM, 19 residual cfDNA from an unrecognized vanished twin, 20 or a maternal copy number variant. 21, 22 Grati et al. determined the potential contribution of CPM to the NIPT false-positive rate, demonstrating that chromosomes 13 and X were more likely to be associated with CPM than chromosomes 18 and 21. 23 There was one suspected case of CPM in our dataset, a partially concordant case that had postnatal placental analysis. However, postnatal placental analysis is not usually performed, so for patients with discordant fetal karyotypes, the contribution of placental aneuploidy is unknown. If concerns about CPM arise following confirmatory CVS, follow-up amniocentesis could be considered. Here, 30/42 (71%) of discordant results without a reported maternal explanation were determined by amniocentesis, so undetected CPM might be a contributing factor. Possible alternative maternal explanations for the FP results include maternal copy number variations (CNVs) 21, 22 and maternal 45, X/46,XX mosaicism, some of which may be secondary to maternal age-related loss of the X chromosome. 23, 24 Recent updates to the informatics algorithm used by the clinical laboratory enable algorithmic correction for maternal subchromosome CNVs, preventing these maternal events from causing false-positive results. Interestingly, 23.3% (17/73) of the multiple aneuploidy results were reported as trisomy 21 with a sex chromosome aneuploidy (13 monosomy X, 3 XXX, 1 XXY). This combination has been previously described in surviving infants, with an estimated 0.16% of trisomy 21 cases also having a sex chromosome aneuploidy. 3 Based on the single, confirmed case of trisomy 21 with a sex chromosome aneuploidy and the general prevalence of trisomy 21 detected/suspected results in this clinical cohort (data not shown), the overall prevalence of trisomy 21 with a sex chromosome aneuploidy is in line with published rates. 3 The results reported here reinforce the importance of confirmatory diagnostic testing and review of the patient's clinical history following any abnormal or unusual NIPT result. For clinicians counseling patients on these unusual NIPT results, Figure 2 can be used as a guide to the potential rates of maternal disease and fetal concordance by result type. If diagnostic testing results indicate an unaffected fetus, then other potential biological explanations (CPM, vanishing twin, maternal chromosome abnormality, or maternal disease) can be considered. Furthermore, as suggested by Bianchi et al., 6 for cases with whole-genome sequencing results available, an advanced bioinformatics review may be warranted if the fetal or neonatal karyotype is normal. This may demonstrate that the unusual NIPT result is because of genomic imbalance of a nontest chromosome.
CONCLUSION
In conclusion, although most abnormal NIPT test results indicate a single trisomy, it is important for patients and clinicians to be aware that in rare instances, other results, including autosomal monosomy and multiple aneuploidies, can be reported. Some of these results reflect the fetal karyotype, and a small number reflect maternal disease, but some may be explained by other factors, such as other maternal or fetal chromosome abnormalities or mosaicism. Importantly, NIPT is a screening test, so FPs can occur. By communicating the clinical outcomes of these cases, we aim to inform providers of the various underlying biological reasons for the results and therefore assist with post-test counseling and management.
WHAT'S ALREADY KNOWN ABOUT THIS TOPIC?
• Noninvasive prenatal testing (NIPT) has been validated for common autosomal trisomies (trisomy 21, 18, and 13), sex chromosome aneuploidies, and a selection of microdeletion syndromes.
• NIPT findings that are discordant with the fetal karyotype can be because of biological reasons, such as confined placental mosaicism, maternal chromosome abnormalities, and other maternal conditions such as occult malignancy.
WHAT DOES THIS STUDY ADD?
• Clinical and karyotype outcome information for cases that received an NIPT result indicating an autosomal monosomy or multiple aneuploidies. Some autosomal monosomy and multiple aneuploidy results reflect the true fetal karyotype, and some are explained by other factors, such as other fetal or maternal chromosomal abnormalities or maternal disease.
• This information will help providers with post-test counseling for these rare and unusual results. Unless otherwise stated, all autosomal aneuploidies were reported as aneuploidy detected.
